The linear distribution of genes across chromosomes and the spatial localization of genes within the nucleus are related to their transcriptional regulation. The mechanistic consequences of linear gene order, and how it may relate to the functional output of genome organization, remain to be fully resolved, however. Here we tested the relationship between linear and 3D organization of gene regulation during myogenesis. Our analysis has identified a subset of topologically associated domains (TADs) that are significantly enriched for muscle-specific genes. These lineage-enriched TADs demonstrate an expression-dependent pattern of nuclear organization that influences the positioning of adjacent nonenriched TADs. Therefore, lineageenriched TADs inform cell-specific genome organization during myogenesis. The reduction of allelic spatial distance of one of these domains, which contains Myogenin, correlates with reduced transcriptional variability, identifying a potential role for lineage-specific nuclear topology. Using a fusion-based strategy to decouple mitosis and myotube formation, we demonstrate that the cell-specific topology of syncytial nuclei is dependent on cell division. We propose that the effects of linear and spatial organization of gene loci on gene regulation are linked through TAD architecture, and that mitosis is critical for establishing nuclear topologies during cellular differentiation.
The linear distribution of genes across chromosomes and the spatial localization of genes within the nucleus are related to their transcriptional regulation. The mechanistic consequences of linear gene order, and how it may relate to the functional output of genome organization, remain to be fully resolved, however. Here we tested the relationship between linear and 3D organization of gene regulation during myogenesis. Our analysis has identified a subset of topologically associated domains (TADs) that are significantly enriched for muscle-specific genes. These lineage-enriched TADs demonstrate an expression-dependent pattern of nuclear organization that influences the positioning of adjacent nonenriched TADs. Therefore, lineageenriched TADs inform cell-specific genome organization during myogenesis. The reduction of allelic spatial distance of one of these domains, which contains Myogenin, correlates with reduced transcriptional variability, identifying a potential role for lineage-specific nuclear topology. Using a fusion-based strategy to decouple mitosis and myotube formation, we demonstrate that the cell-specific topology of syncytial nuclei is dependent on cell division. We propose that the effects of linear and spatial organization of gene loci on gene regulation are linked through TAD architecture, and that mitosis is critical for establishing nuclear topologies during cellular differentiation.
cell differentiation | gene regulation | nuclear organization | transcriptional noise | 3D image analysis V ertebrate genomes are innately organized, with defined regions of gene density and paucity distributed along chromosomes. Beyond this basic level of organization, there are gene clusters that facilitate coordinate regulation; for example, the β-globin locus, epidermal differentiation complex, and Hox gene cluster exhibit a critical dependence on both the linear proximity and order of their genes for appropriate temporal regulation during development (1) (2) (3) . The combination of genomic sequences and genome-wide expression studies have revealed another form of nonrandom gene distribution, termed tandem gene arrays (TGAs), which represent contiguous stretches of gene loci that display differential regulation during cellular development and/or function (4, 5) . Importantly, gene clusters and TGAs also demonstrate expression-dependent nuclear localization patterns (6-9); therefore, gene loci are both deterministically arrayed along chromosomes and positioned within the nucleus (10) (11) (12) (13) (14) (15) .
Of course, genomes are not organized within the interphase nucleus as strands of DNA, but rather exist as discrete, irregularly shaped structures known as chromosome territories (CTs) (16, 17) . 5C and Hi-C, derivatives of chromosome conformation capture analysis, have identified topologically associated domains (TADs) as a feature of subchromosomal structural organization (18, 19) . TADs are molecularly defined linear regions of intrachromosomal association that display high frequencies of physical interaction within a given domain but lower frequencies outside of these domains. Thus, TADs represent a potential link between linear chromosomal organization and 3D genome structure (18) .
Intriguingly, TAD boundaries are relatively stable through the dynamic changes in genome architecture associated with both cell division and differentiation (18, 19) . This stability may be due in part to the enrichment of architectural proteins at TAD boundaries (20) . Boundaries appear to be intransient according to cellular identity, yet gene loci have demonstrated cell-specific nuclear localization patterns. Thus, it is possible that changes observed in subnuclear positioning of a single gene locus affect adjacent loci within the TAD or even adjacent TADs. However, the distribution of lineage-specific genes during differentiation relative to TADs, and the possible effect of this distribution on genome structure, have yet to be tested.
Although there is ample evidence for the relationship between nuclear organization and gene expression, how this correlation mechanistically impacts transcriptional regulation remains incompletely understood. An intriguing possibility for proximity influencing regulation has been observed in various model systems; in isogenic backgrounds, homologous alleles do not necessarily behave identically (21) . This breakdown in expression homogeneity occurs because transcriptional activation requires the stochastic binding of transcription factors to cognate sites, and also because cells exist in a milieu with varying concentrations of external cues (22, 23) .
The outcome of these probabilistic conditions is defined as intrinsic (transcription factor binding) and extrinsic (cellular context) transcriptional noise. Importantly, transcriptional noise has been implicated in establishing patterns of expression that can lead to cellular diversity (24) (25) (26) . Therefore, a mechanistic output of linear gene distribution and the spatial proximity of coregulated alleles may be attenuation of the stochastic fluctuations of regulatory proteins that underlie intrinsic transcriptional noise (27) .
Significance
Genome biology aims to gain insight into nuclear function through the study of genome architecture. Analysis of the completed sequences of various eukaryotic genomes indicates that genes are nonrandomly distributed along chromosomes. Recent molecular approaches based on chromosome confirmation capture have identified topologically associated domains (TADs) as a unifying structural model for chromatin organization; however, whether linear gene order and TADs intersect to affect nuclear organization remains to be resolved. Using human myogenesis as a model, we found that a population of TADs have significant enrichment for myogenic-specific genes that results in changes in their subnuclear and intrachromosomal territory structure. We found that these changes in organization impact biallelic transcription and require cell division to be established.
Specifically, the proximity of loci would lead to an increase in the local concentration of the DNA elements that direct the expression of these genes, resulting in a concomitant increase in the concentrations of the regulatory proteins that bind them (27) (28) (29) . This hypothesis has yet to be tested with endogenous loci during cellular differentiation.
Another central unresolved question in the study of genome organization is how patterns of nonrandom nuclear positioning of gene loci are established. Specific genes, generally those involved in a rapid cellular response to a stimulus such as stress, can dynamically change positions (13) , and these changes can alter CT positioning (30, 31) ; however, interphase chromatin demonstrates constrained diffusion for the most part, consistent with the Brownian motion of an object tethered in space (32, 33) . During mitosis, the relationship between gene expression and organization is lost on dissolution of the nucleus (34) . Importantly, it has been observed that in a stably cycling population of cells, the interphase organization of the genome can reemerge as a facsimile in daughter nuclei (35) . Although this behavior may be probabilistic and dependent on methodology (36, 37) , it is likely that a given cell type "remembers" its genomic organization (38) to reestablish a cell-specific expression profile. Proliferation is a hallmark of cellular differentiation and has been suggested to play a role in self-organizing genome topologies (30, 39) . We suggest that during cellular development, relevant transcription factors are up-regulated, and a latent landscape for regulation emerges as a result of their binding with cognate binding sites. The transcription factor-bound, euchromatic status of these genes would thereby facilitate genome organization on nuclear reconstitution. Testing this hypothesis has been an intractable problem, because it is difficult to uncouple differentiation from proliferation (40) (41) (42) .
Myogenesis is a process of differentiation mediated by the master regulatory factor MyoD, in which adherent cells initiate Myogenin expression, drop out of the cell cycle, and fuse to form multinucleated syncytia, known as myotubes (43) . A myotube is in a terminally differentiated state and contains a population of nuclei arrested in G0. Here we used myogenesis as a model system of cellular differentiation to gain insight into how linear features of genome organization manifest 3D nuclear topologies. Using data from a whole genome microarray expression set, we have identified TADs that are significantly enriched for muscle-specific genes. We examine the effect of these lineage-enriched TADs (LE-TADs) on nuclear organization in the context of human chromosome 1 (HSA1). Our analysis indicates that LE-TADs drive local changes in HSA1 organization, as well as general alterations to nuclear topology.
Importantly, we provide evidence that proximal localization of alleles leads to a reduction in transcriptional noise, suggesting a unique functional role for patterns of nuclear organization. Finally, taking advantage of the properties of cell-cell fusion during myogenesis to uncouple differentiation and cell division, we demonstrate that differentiation-mediated changes in nuclear topology require mitosis. Our findings suggest that the linear clustering of lineagerestricted genes into chromosomal domains serves to shape cellspecific functional nuclear topologies, and that the emergence of these topologies is dependent on cell division.
Results

Genes Coregulated During Myogenesis Are Enriched in Specific TADs.
To analyze the relationship between linear gene order and 3D genome organization, we first defined a myogenic gene set by interrogating a single robust whole genome gene expression array of primary human myoblasts differentiated to myotubes (44) . Within this dataset, we identified 2,275 genes with a >1.75-fold change in expression as the myogenic gene set. Having determined their linear genomic positions, we then generated a simulated gene set for statistical comparison (Materials and Methods). As has been reported for various model systems (5, 15, 45) , we identified a significant enrichment of TGAs in the myogenic set (P < 0.001), with certain chromosomes contributing disproportionately to this bias (SI Appendix, Fig. S1 and Table S1 ). Thus, as anticipated, genes coregulated during myogenesis are nonrandomly distributed in the human genome.
Because TADs represent patterns of chromosome organization, or folding, they compose the vast majority of the human genome. Nevertheless, given the nonrandom distribution of myogenicspecific genes, we investigated whether there are TADs enriched for these genes (Fig. 1A) . Using previously defined IMR-90 TAD boundaries (18), we generated gene density maps, on a per-TAD basis, of the entire genome and compared them with the maps derived from the myogenic gene subset (Fig. 1B) . By testing the mapped occupancies against a cumulative binomial distribution, we identified 73 TADs significantly enriched for myogenic genes, known as LE-TADs. Importantly, this identification of myogenic LE-TADs uncovered a greater-than-expected frequency, assuming a distribution of genes representative of the total genome (P < 0.001) (Fig. 1C) .
In addition, seven chromosomes were themselves significantly enriched for LE-TADs ( Fig. 1D and SI Appendix, Fig. S2 ; a complete list of TADs and their resident genes is provided in Dataset S1). Out of these seven chromosomes, we chose HSA1 owing to its level of complexity and enrichment, to test whether linear gene distributions affect the spatial organization of the genome during myogenesis.
The Chromosome Territory Morphology of HSA1 Changes During Myogenesis. For this study, we used a well-characterized system of viral transduction-mediated myogenic differentiation (46 this approach, overexpression of MyoD in primary human fibroblasts (IMR-90s) induces myogenesis in a manner analogous to the process occurring in biopsy-derived myoblasts, such that myogenic genes that are not expressed in fibroblasts become strongly induced (SI Appendix, Fig. S3 ). Importantly, it has been shown that this process results in increased MyoD binding at physiological sites, but not the formation of novel binding sites (47) . We first assayed the nuclear position of HSA1 with whole chromosome paint (WCP) 3D FISH by creating three concentric shells of equal area and measuring the percentage of HSA1 signal per shell ( Fig. 2A) . This analysis revealed that HSA1 does not significantly reposition relative to the nuclear periphery during myogenesis by a χ 2 test of independence (P = 0.8211), although there is a trend toward internalization (Fig. 2B) . As opposed to what we have reported previously (15) , the degree of homologous HSA1 coalescence during myogenic differentiation is also invariant (Fig. 2C) . Therefore, myogenic gene expression is not correlated with changes in the nuclear positioning of HSA1.
Interestingly, despite the lack of HSA1 reorganization, we did note morphological differences in the CTs during differentiation. Thus, we examined how the structure of HSA1, as represented by the WCP, is altered during myogenesis. To analyze the topological changes in the CTs during differentiation, we measured the number of discrete domains present at increasing intensity thresholds. This process allows for a description of the fluorescence signal in terms of its uniformity or lack thereof (SI Appendix, Materials and Methods) (17) . Our analysis indicates that the HSA1 CT becomes fragmented into a larger number of objects (or domains) specifically in myotube nuclei, consistent with a more dissolute chromosome conformation during myogenesis ( Fig.  2 A and D) , as opposed to the morphological changes observed in three other HSAs (SI Appendix, Fig. S4 ). These changes in HSA1 topology are corroborated by an increase in the total percentage of nuclear volume occupied by homologous CTs and an increase in the surface area-to-volume ratio of individual CTs (Fig. 2E) . Therefore, the HSA1 CT reveals lineage-specific changes to its internal structure as opposed its overall nuclear positioning.
LE-TADs Are Nonrandomly Organized in Myotube Nuclei. As described above, genes are positioned nonrandomly within the interphase nucleus, including both their relationship to the nuclear periphery as well as to themselves, i.e., allelic association/proximity (38) . We tested whether domains within HSA1 CT were repositioned during myogenesis according to the defined radial and proximity metrics of interphase nuclear organization. The Euclidian (or "straight line") distance between two chromosomal regions separated by an equal number of base pairs is smaller when the domains are found within a single TAD (18); thus, for this analysis we chose four LE-TADs (4, 5, 7, 11) and four nonenriched TADs (NE-TADs) (1, 2, 4, 6) based on their linear distribution and myogenic-specific gene density ( Fig. 3A and SI Appendix, Table S2 ). Importantly, the NE-TADs are interspersed among the LE-TADs, which permits a direct test of domain organization versus general chromatin changes. TAD boundaries are reportedly relatively invariant (18, 19) ; however, to ensure the conformity of the TADs that we have analyzed, we compared their boundaries from IMR-90s with those identified in hESCs. We found the TAD boundaries to be well preserved between the two developmentally distinct cell types, suggesting that the IMR-90 boundaries should be represented in myotubes (SI Appendix, Table S3). To control for levels of gene expression, NE-TAD 2 serves a double purpose as it encodes the most highly induced gene (CASQ2) found on HSA1 during myogenesis, but no other differentially expressed genes. In comparison, LE-TAD 7 contains both the MYOG (Myogenin) gene locus, which was previously implicated in repositioning during myogenesis (10, 11) , and a significant number of myogenic-restricted genes (SI Appendix, Table S2 ).
On our 3D FISH analysis, all four LE-TADs demonstrated significant repositioning toward the nuclear interior of both alleles during myogenesis ( Fig. 3 B and C and SI Appendix, Fig. S5 ), whereas the four NE-TADs remain unchanged ( Fig. 3 B and D and SI Appendix, Fig. S5 ). Compared with a uniform population, a χ 2 goodness-of-fit test indicated that all of these TADs were positioned nonrandomly relative to the nuclear periphery (P < 1 × 10
−11
). Although all of the TAD positions were nonrandom, only LE-TADs showed differential positioning as a function of cellular identity. Our assay of interallelic distances between homologous TAD pairs showed no change in the NE-TADs, but significantly reduced distances among the three proximal LE-TADs (5, 7, 11) ( Fig. 3 E and F) , which was unexpected because the HSA1 CTs did not exhibit increased association during differentiation (Fig. 2C) . Interestingly, the distal LE-TAD 4 (which is ∼167 Mb Area of the sum of the faces of the perimeter voxels divided by the volume of the convex hulls of each territory. Significance was assayed by the two-sample t test with unequal variance (*P < 0.05; **P < 0.005; ***P < 0.0005). Error bars are 95% CIs of the mean. n >250 nuclei and n >430 territories. Results represent a pooling of the raw data from a combination of three biological replicates. (Scale bar: 5 μm.) from the beginning of the clustered LE-TADs) did not demonstrate a reduction in interallelic distance, indicating that proximity is not a direct consequence of allele internalization and suggesting regional expression-dependent CT confirmations.
To further validate our findings, we performed multicolor FISH with LE-TAD 7 and NE-TAD 4 within the same nuclei, given that any bias introduced during image processing will affect objects in the same image equally. This approach confirmed that LE-TADs and NE-TADs behave differently, and that our previous findings were not an effect of image processing (SI Appendix, Fig. S6 ). Because only LE-TADs exhibit differentiation-dependent localization, these data support the hypothesis that myogenesis induces a change in the internal structure of HSA1, but not in its nuclear repositioning. Moreover, because NE-TADs are not relocalized despite being interspersed among LE-TADs, we suggest that LE-TAD organization informs HSA1 CT structure during myogenesis.
The Relative Positioning of LE-TADs Defines CT Structure During Myogenesis. To determine whether LE-TAD reorganization influences CT morphology, we examined the positioning of LETADs and NE-TADs relative to one another within single CTs. Using multicolor FISH with various combinations of probes, we measured a series of pairwise Euclidian distances between TADs in fibroblasts and derived myotubes (Fig. 4A ). Of note, we were interested specifically in the change in distance between two TADs that are not subject to binary cutoffs implicit in colocalization, given our belief that assessing a continuous variable, such as distance, better captures the probabilistic nature of genome organization. This analysis revealed that LE-TADs were significantly closer to one another in myotubes, whereas the distances among NE-TADs and LE-TADs were unchanged between cell types (Fig. 4B) . Surprisingly, LE-TAD 5 was significantly more proximal to LE-TAD 7, even though the linearly adjacent NE-TAD 3 was not (Fig. 4 B and C) . Thus, we reasoned that the inherent affinity between LE-TADs supersedes linear proximity.
To further examine how the preferential association of LETADs may affect neighboring chromatin, we assayed the localization of NE-TADs 3 and 5, which are 0.5 Mb and 1 Mb telomere-proximal to LE-TADs 7 and 11, respectively. This analysis revealed that LE-TAD reorganization affected the positioning of adjacent regions that span multiple TADs (SI Appendix, Fig. S7 ) in the context of a CT in which not all NE-TADs showed differential positioning (Fig. 2) . Therefore, the movement of LETADs affects regions larger than single TADs but not as large as an entire chromosome, suggesting that a CT is composed of multiple independently acting topological units. Significance was assayed by the two-sample t test with unequal variance for distance from the nuclear perimeter and the Wilcoxon rank-sum test for interallelic distance (*P < 0.05; **P < 0.005; ***P < 0.0005). Error bars are 95% CIs of the mean. n >400 individual alleles and n >200 pairs. Results represent a pooling of the raw data from a combination of at least two biological replicates. (Scale bar: 5 μm.)
To gain insight into the nature of these independent movements, we focused on a short (∼2-Mb) region containing multiple LE-TADs and NE-TADs (SI Appendix, Fig. S8A ). Multicolor FISH and multiplane optical sectioning confocal microscopy allowed us to identify and analyze three unique highly overlapping loci per chromosome (SI Appendix, Fig. S8B ). This 2-Mb region of HSA1 centromere proximal to LE-TAD 7 becomes more compact and moves into closer proximity to LE-TAD 7 during myogenesis (Fig. 4B) . We generated triangles that represent the pairwise relationships among LE-TAD 6, LE-TAD 7, and NE-TAD 3. The 3D coordinates of LE-TAD 7 were placed at the origin, and a standard distance between LE-TAD 7 and NE-TAD 3 was applied, thereby creating a defined localization for LE-TAD 6 (SI Appendix, Fig. S8C ). The resulting map revealed that in myotubes the domains exhibit a more compact structure, indicating an overall decrease in the heterogeneity of local organization (Fig. 4C) . Taken together, these findings lead us to conclude that LE-TAD 7 may be nucleating a cluster of coregulated genes.
Having established increased physical proximity among LETADs over a 2-Mb domain, we next wanted to determine the relative positions of LE-TADs over a longer linear distance. We performed multicolor FISH with probes to LE-TAD 7, the LE-TAD proximal NE-TAD 5 (∼30 Mb distal), and intervening NE-TAD 4 ( Fig. 5 A and B) . The expected relationship between linear and 3D proximity is that because domains are a greater number of base pairs apart, there would be on average a concomitantly greater Euclidian distance between them within the context of an interphase nucleus, but if there is no relationship between linear and 3D distance, then an equal proximity should be observed between any two sets of domains. Our analysis demonstrated that in myotubes there was a clear bias for the linearly distal NE-TAD 5 to be physically more proximal to LE-TAD 7 than NE-TAD 4, suggesting that NE-TAD 4 is "looped out" in 3D space, conferring an inverted conformation (Fig. 5C) . Therefore, distal LE-TADs appeared to act independently of local chromatin and had a propensity to cluster, giving rise to a specific CT topology.
Three-dimensional clustering also can be assayed by determining the percentage of pairwise observations between LE-TAD 7 and regions of interest within 780 nM (two voxels) of each other. This method once again led to an observed increase in association between LE-TAD 7 and other LE-TADs within myotube nuclei, regardless of the length of the intervening linear sequence (Fig. 5D) . We suggest that the combined effects of these individual alterations in LE-TAD localization resulted in an emergent CT topology. This model of emergent order, although here confined to a single CT, is mechanistically analogous to what has been proposed to occur on the level of the whole genome (39) .
The Subnuclear Localization of LE-TADs Impacts Allelic Transcriptional
Variance. Having observed nonrandom positioning of LE-TADs within myotube nuclei, we performed nascent RNA FISH with a probe to introns of Myogenin, which is contained within LE-TAD 7, to test the functional outcome of these lineage-specific topologies. Using intronic sequences as a probe allows for the detection of unprocessed transcripts, capturing the real-time expression state of the gene at the time of fixation (Fig. 6A) . By comparing the subnuclear position of LE-TAD 7 as defined by nascent RNA FISH to that of DNA FISH localization, topologies that are more likely to be active can be determined. We first analyzed two common features of activity-based genome organization, radial positioning and allele proximity. As expected, the Myogenin RNA foci observed in myotube nuclei paralleled the increased proximity of the gene loci observed during differentiation (Fig. 3E) . In support of the nuclear interior being permissive to transcription (15) , the RNA foci were further from the periphery than the Myogenin gene loci (Fig. 6B) .
We next compared the interallelic distances between RNA and DNA signals in myotubes and, unexpectedly, found very similar distributions (Fig. 6C) . Thus, although both RNA foci and gene loci were significantly closer in myotube nuclei, biallelic transcriptional activity occurred over a range of distances. Therefore, we hypothesized that reducing interallelic distance might affect other aspects of transcription; specifically, allelic proximity may stabilize the differences in transcriptional activity between the two alleles. Mechanistically, this could occur by having the two alleles experience the same subnuclear milieu, thereby minimizing the difference in stochastic binding events during gene activation and reducing intrinsic noise (26) .
To test this hypothesis, we quantified the difference between maximal peak intensity of nascent Myogenin RNA FISH signals in nuclei with two signals relative to the distance between them. We observed a positive Pearson correlation (r = 0.217) between the two values that was significantly different from an uncorrelated (r = 0) population (P = 0.001) (Fig. 6D) . Although there was variability around the best-fitting line, the slope of this line was significantly unlikely to be zero (P = 0.0021) (Fig. 6D) . Thus, a positive relationship existed between transcriptional output and reduced interallelic distance, indicating that as homologous alleles the TADs between LE-TAD 5 and LE-TAD 7 clustering in myotubes while the distance between LE-TAD 7 and NE-TAD 3 remained static. Significance was assayed by the two-sample t test with unequal variance (*P < 0.05; **P < 0.005; ***P < 0.0005). Error bars represent 95% CIs of the mean.
move into closer proximity, their expression variance is reduced. Therefore, although reducing interallelic distance in not a strict requirement for gene activation, it attenuates variability, or intrinsic noise. Our results imply disparate but overlapping roles for two commonly studied features of nuclear organization, interallelic and radial distance, and establish the potential for a functional role for lineage-specific nuclear topologies.
Cell Division Is Required for Establishing Changes in Nuclear Organization
During Myogenesis. How lineage-specific genome topologies emerge is largely not understood. Although it has been observed that chromatin organization in cycling cells maintains a defined organization from interphase through mitosis and to daughter nuclei, this pattern has not been reproducibly demonstrated (35, 36, 48) . Moreover, analyzing the role of the cell cycle in establishing a new nuclear topology during cellular development has remained an intractable problem owing to the tight coupling of proliferation and differentiation. Therefore, we developed a strategy to uncouple cell division and differentiation using the cell surface protein myomaker, which can mediate the fusion of fibroblasts into fully differentiated myotubes (49) . Specifically, cultures of IMR-90 hTert cells were either infected with GFP-MyoD or infected with myomaker and then pulsed with BrdU. After infection and selection, the two populations of cells were mixed in a coculture. BrdU staining was used to trace the nuclei derived from the myomaker infections, and GFP staining indicated MyoD + nuclei (Fig. 7A) . The BrdU molecules were stably integrated into the genomic DNA of myomaker-infected cells and thus could not move into other nuclei in the myotube; however, the same was not true for cells expressing MyoD. Importantly, the fusion event placed a nonmyogenic nucleus from the myomaker-infected cells into a myogenic context but in the postmitotic environment of terminal myotubes (50), unlike the MyoD-infected cells, which were also in a myogenic context but were able to initially undergo cell division in the presence of MyoD before the formation of myotubes (Fig. 7B ). This dichotomy of cellular environment at the time of MyoD introduction is the key factor leading to the decoupling of cell division and differentiation. Importantly, myomaker ectopic expression alone did not induce myogenesis or any myogenic topological changes (SI Appendix, Fig. S9 ). Previous investigators have suggested that mitosis is necessary for the repositioning of genes during differentiation (7, 30, 31, 51) . Our chimeric myotube strategy allowed us to directly test whether changes in lineage-specific nuclear topology are dependent on cell division. Using BrdU as a nuclear marker for actively dividing myomaker-transduced cells, we performed DNA immuno-FISH on chimeric myotubes. Each nucleus was then assigned a BrdU status (positive or negative), and the positioning of LE-TAD 7 was analyzed in terms of both the nuclear periphery and the interallelic distance (Fig. 7C) (C) Quantification of the frequency at which the three TADs (LE-7, NE-3, and NE-4) are found in 3D distances predicted by linear sequence. Significance was assayed by the twosample t test with unequal variance (*P < 0.05; **P < 0.005; ***P < 0.0005). Error bars represent 95% CIs of the mean. n >300 clusters. (Scale bar: 5 μm.) (D) Percentage of observations in which the TAD denoted on the x-axis is found within two voxels (0.7898 μm) of LE-TAD 7. The reported χ 2 value represents the probability that the myotube and fibroblast values are from the same underlying distribution. the Myogenin alleles were found further from the periphery in nuclei derived from BrdU − (MyoD-transduced) cells than in nuclei derived from BrdU + (myomaker-transduced) cells (Fig. 7D) . Compared with MyoD-expressing nuclei, myomaker-expressing nuclei also had longer interallelic distances for Myogenin loci and were larger, with a morphology similar to that of GFP-infected cells (Fig. 7 E  and F) , suggesting that global changes in nuclear organization also depend on cell division. Taken together, our data demonstrate that differentiation-dependent (i.e., MyoD expression) cell division is required for the emergence of lineage-specific nuclear topologies.
Discussion
We have examined the relationship between linear gene order and 3D nuclear organization during cellular differentiation using myogenesis as a model. Our initial bioinformatics analysis revealed that genes coregulated during myogenesis have a significant tendency to be colinear in the human genome (TGAs). This result bolsters our hypothesis that the organization of developmentally regulated gene expression is nonrandom. By interrogating the linear distribution of coregulated myogenic genes in the context of TAD boundaries, we observed a class of TADs significantly enriched for lineage-restricted genes (Fig. 1B) . Although the set of chromosomes found to be enriched for lineage-enriched TADs (LE-TADs) did not entirely overlap with those enriched for TGAs, this was to be expected, given that the latter are defined solely as having no interceding genes that are coregulated, whereas LETADs require only a general density of genes, not a strict sequential relationship (Fig. 1A and SI Appendix, Fig. S1 ).
Our assay of these LE-TADs in the context of their spatial localization revealed their involvement in expression-dependent changes in genome organization. Individual genes expressed during differentiation and/or for a particular cellular activity do not necessarily demonstrate differentiation-dependent changes in subnuclear positioning (52) . Therefore, our results expand on the important role of gene colinearity in nuclear organization (4) . Specifically, we provide evidence that TADs, the perceived unchanging building blocks of CT organization, can in fact influence lineage-specific genome organization. Moreover, LE-TADs represent a unique way of identifying candidate genes/regions that display differentiation-dependent repositioning with a high degree of accuracy (Fig. 3 ). Our results demonstrate that LE-TADs contribute to emergent genomic order and reveal a new means of testing the general functional relevancy of TAD organization. assayed by the two-sample t test with unequal variance, except for interallelic distance, in which a one-tailed Wilcoxon rank-sum test was used (*P < 0.05; ***P < 0.0005;^P < 0.05, one-tailed test). Error bars represent 95% CIs of the mean. n >300 individual alleles and n >150 pairs. Results represent pooling of the raw data from a combination of at least four biological replicates. (Scale bar: 10 μm.)
Myogenic LE-TADs on HSA1 were repositioned even though NE-TADs and the CT on which they reside did not demonstrate marked changes as a function of differentiation (Figs. 2 and 3) . These changes in LE-TAD subnuclear and intrachromosomal localization created preferential local (Fig. 4) and long-range (Fig. 5 ) associations between genes located on HSA1 during cellular differentiation. Thus, TADs have the capacity to intermingle within a single CT, which has not been reported previously. The pronounced invariance in TAD boundaries reported across various cells types (18) makes changes in TAD identity an unlikely explanation for the changes in CT organization that we observed. In light of this model of chromosome organization, the remodeling in HSA1 may represent a repositioning of TADs relative to one another. A slightly larger (∼5 Mb) interaction domain, known as a compartment, also can be observed on the heat maps generated by the Hi-C experiments that originally defined TADs (18, 53, 54) . Compartments are composed of multiple associated TADs and, unlike TAD boundaries, are highly cell type-dependent and cannot be predicted from sequence identity alone (55, 56) . Our observation of cell-type specific LE-TAD association leads us to the conclusion that lineage-specific compartments of chromosomal order may be composed of coregulated genes that are themselves within LE-TADs. The organization of these LE-TAD-mediated intrachromosomal compartments relative to one another would then serve as the basis for an emergent lineage-specific CT morphology.
Changes in genome organization as a function of linear gene density are critical to understanding how lineage-specific nuclear topologies emerge; however, the significance import of nonrandom organization on transcriptional regulation remains incompletely understood. To ascribe a functional outcome to the decreased distances observed between Myogenin alleles, we performed nascent RNA FISH to concurrently detect their level of activity and subnuclear position (Fig. 6) . Intrinsic transcriptional noise occurs due to the inherently stochastic nature of general transcription machinery and the regulatory factors associated with their target sequences (21, 26) . Importantly, our RNA FISH analysis indicates that the physical proximity of the Myogenin loci in myotube nuclei attenuates differences in their biallelic transcriptional output, reducing intrinsic noise. Increases in transcriptional noise have been identified as detrimental to organismal fitness (57, 58) ; therefore, features of nuclear organization that are able to modulate it may provide an evolutionary advantage. Our data suggest that allelic proximity acts as one such feature. We propose that the attenuation of variance is due to a reduction in the stochastic contribution of transcription initiation by creating a shared microenvironment. It was recently demonstrated that chromatin remodeling is sufficient to induce gene relocalization (9) . One possible explanation for movement preceding expression is to allow for the modulation of noise during all stages of transcriptional activation.
Changes in genome organization during cellular differentiation require that genes and chromosomes reorganize in a dense nuclear environment. During mitosis, the physical constraints of chromosome movement are mitigated as chromosomes condense and the nuclear envelope breaks down. Therefore, it has been hypothesized that mitosis is an ideal time for lineage-specific changes in nuclear organization to occur (48) . Unfortunately, the tight coupling of cell division and differentiation made this an untestable hypothesis before the present study. Using ectopic myomaker expression in coculture, as reported previously (49), we overcame this limitation and decoupled mitosis and differentiation. Our approach revealed that repositioning of endogenous gene loci is dependent on cell division events in the context of differentiation (Fig. 7) . This observation is in contrast to the dynamic changes in nuclear organization observed under stress response conditions (13, 30, 31) , in which loci move in less time than is required for a cell cycle. The nuclear topology did not return to its prestress configuration until after release from a mitotic block, however (30) . Therefore, not all changes in genome organization require mitosis, as we have observed in our study. However, unlike the stress response, cell differentiation establishes a new stable state in which the immediacy of transcription is less important than the fidelity of expression.
We suggest that modes of nuclear reorganization may depend on the competing requirements for speed and stability in gene expression. In the context of lineage commitment, the tight relationship between differentiation and cell proliferation across various biological systems suggests an evolutionary advantage for the emergence of topologies derived from coordinated gene expression.
Materials and Methods
Identification of Myogenic Genes. The raw data from a whole-genome microarray expression profile using the HumanHT-12 v4 Expression BeadChip platform (Illumina) from MacQuarrie et al. (44) was downloaded from the National Center for Biotechnology Gene Expression Omnibus (NCBI-GEO; accession no. GSE50411). To determine gene expression changes between myoblast and myotubes, we used the R limma package for analysis of Expression BeadChips to compare only the data from myoblasts and myotubes. This method reports the degree of differential expression across the replicates for the two different experimental conditions for all genes on the microarray. Among these genes, we removed all nonautosomal genes and genes with unannotated or ambiguously annotated chromosomal locations. Multiple annotated start positions across more than one megabase of sequence were considered ambiguous. Finally, we extracted genes with a >1.75-fold change in expression from the list and treated them as differently regulated genes during myogenesis. In doing this, we identified 2,275 genes in the myogenic gene set.
Identification/Enrichment of Linear Gene Clusters. TAD domain boundaries were used as described previously in IMR-90 cells (18) and transformed to GRCh37/hg19 positions using the liftOver tool (UCSC Genome Browser). In the rare cases when a position from hg18 did not exist in hg19, the location of the boundary was estimated using TAD size and the location of linearly proximal TAD boundaries. All DNA positions reported are in terms of GRCh37/hg19 positions. The total gene set and myogenic gene set were mapped onto chromosomes within defined TADs by their annotated starting positions. Using the entire gene list, a probability distribution for gene per TAD was established. These distributions allow for the assessment of an expected number of genes to be observed within the TAD when a smaller subset of the whole gene set is mapped into TADs. When the probability of observing the deviation that was empirically determined was <5% (P < 0.05), the TAD was classified as a significant domain, or an LE-TAD.
For the assessment of TGAs, the annotated start positions of the myogenic genes were considered in conjunction with the classification of the genes whose annotated start positions immediately precede and follow. If either of the linearly proximal genes is found to be myogenic, then the two genes are said to be in a tandem gene array. This process is continued until the flanking genes are both nonmyogenic, at which point the scope of the TGA has been identified.
To calculate the enrichment of TGAs and LE-TADs, a simulated gene set was created by randomly sampling the entire gene set for populations of 2,275 genes, the number of genes in the myogenic set. This process was repeated 1,000 times to create a large collection of mock gene sets. For each of these mock gene sets, the numbers of TGAs and LE-TADs were identified and combined to generate a histogram representing the likelihood that a random collection of 2,275 genes taken from our defined total gene set would contain a defined number of TGAs or LE-TADs. Thus, by comparing the empirically derived number of TGAs and LE-TADs to these histograms, we were able to determine the probability that a random collection of sampled genes would contain more TGAs or LE-TADs. Performing 1,000 simulations limits the P value to a minimum of 0.001. For enrichment of a per-chromosome basis, the same analysis was performed, but the number of TGAs and LE-TADs were considered per chromosome as opposed to the whole genome.
DNA Constructs. The MyoD and GFP viral expression constructs were created by cloning the PCR-amplified cDNAs into the Retro-X Q vector (pQXCIP) expression plasmid (Clontech), using restriction enzymes. The MyoD cDNA (GenBank accession no. BC064493.1) was PCR-amplified to add NotI and BamHI sites for cloning into the MCS of pQXCIP. The GFP cDNA was PCRamplified from a pEGFP vector (Clontech) to add NotI and EcoRI sites for cloning into the MCS of pQXCIP. The hTert retroviral expression vector pQXCIH-hTert was kindly provided by Drs. Robert Goldman and Takeshi Shimi (Northwestern University). A cDNA library was generated from MyoD-transduced IMR-90-derived myotubes by performing a reverse-transcriptase reaction with oligoDT primers. From this library, the myomaker (Tmem8C) cDNA was PCRamplified with the following primers: 5′-CCGGATCCTCAGAGCACCTGGTATATC-3′ and 5′-GCGAATTCTC AGACACAAGCACAGCACA-3′. The resulting product was cloned into the pCR-Blunt-II Topo plasmid through the topoisomerase reaction (Invitrogen; 450245). The product was then cut out using the EcoRI restriction enzyme and cloned into a pBabe-Puro retroviral expression vector. The correct orientation and copy number for insertion were assessed through sequencing with the common pBabe 5′ and 3′ primers. The resulting myomaker cDNA was identified through sequencing as NM_001080483.2.
Cell Culture. IMR-90 fibroblast cells (American Type Culture Collection) were cultured in MEM-α, supplemented with 15% FBS and 2 mM L-glutamine, 100 U mL −1 penicillin, and 100 μg mL −1 streptomycin. Fibroblasts were kept at 37°C in 5% CO 2 and passaged by splitting 1:3 once they reached confluence, approximately every 3-4 d. Primary human skeletal-derived myoblasts were acquired from Cook Myosite and passaged or differentiated with the provided media (Cook Myosite).
Retroviral Transduction of Fibroblasts. GP-293 packaging cells (Clontech) cultured in DMEM supplemented with 10% FBS, 2 mM L-glutamine, 100 U mL
penicillin, and 100 μg mL −1 streptomycin were transfected with polyJET reagent (SignaGen Laboratories). In brief, 1 mL of fresh medium was added to cells in a single well of a six-well plate. Then 3 μL of polyJET was diluted in 50 μL of serum-free DMEM, and 0.5 μg of expression vector and 0.5 μg of VSV-G vector were diluted in 50 μL of serum-free DMEM. PolyJET/DNA solution was added dropwise to GP-293 cells and the cells were incubated for approximately 16 h, at which point the medium was changed. After another 24 h of incubation, the supernatant was collected, filtered through a 0.45-μm filter, diluted 1:6 in MEM-α with 4 μg mL −1 polybrene (Sigma-Aldrich; h9268), and applied to cells. A second infection was performed after an additional 24 h in the same manner. Selection was carried out on infected cells in 2 μg mL puromycin (Invitrogen; A11138-02) onto glass coverslips pretreated with a 0.1% (wt/vol) solution of porcine gelatin (Sigma-Aldrich; G1936) in doubledistilled H 2 0 at 37°C for at least 1 h. The myotubes were then allowed to develop for 72 h before being fixed in 4% formaldehyde for immunofluorescence-based assays or in TRIzol (Invitrogen) for RNA analysis. Chimeric myotubes were generated through coculture experiments. One plate of IMR-90 hTert cells was infected with pQXCIP-MyoD as described above. A second plate was infected with a 1:6 dilution of virus made from the pBabe-Puro-myomaker expression clone. The myomaker-infected population of cells was treated with 50 μM BrdU (Life Technologies; 00-0103) for 30 min before each infection and before the initial drug selection. At 16 h after drug selection, the cells infected with either MyoD or myomaker were trypsinized, mixed at a 1:1 ratio, and reseeded at a final density of 3 E 5 cells/cm
per cell type in MEM-α, 15% FCS, and 2 μg mL −1 puromycin (Invitrogen; A11138-02) onto glass coverslips coated with 0.1% porcine gelatin. Cells were then allowed to develop for 72 h and then fixed in 4% formaldehyde.
FISH. Paraformaldehyde-fixed cells (4%) were permeabilized for 30 min in 0.5% Triton X-100, and 3D-FISH was carried out as described previously (59) . Glycerol treatment and flash-freezing in liquid nitrogen were omitted to preserve the structural integrity of the large syncytium of the myotube. In addition, the denaturation step before overnight hybridization was held at 75°C for but elongated to a total time of 6 min. All probes were labeled by nick translation with DIG-11-dUTP (Roche; 11558706910), BIO-16-dUTP (Roche; 11093070910), or DNP-11-dUTP (PerkinElmer; NEL551001EA) with Nick Translation Mix (Roche; 11745808910) according to the manufacturer's protocol. Chromosome painting was performed with the same protocol using the XCP XCyting Chromosome Paints (Metasystems).
Immuno-FISH was performed as described previously (59), with a biotinylated secondary antibody. BrdU detection was performed during detection of the nick-translated probes. Primary antibodies used for detection were 1:100 sheep α-BrdU BACs. All of the BACs used in this study where acquired from the BACPAC Resources Center at the Children's Hospital Oakland Research Institute and are listed in SI Appendix, Table 2 . All BACs used were obtained from the RP11 library, which is constructed on the pBACe3.6 vector backbone (GenBank accession no. U80929), allowing conformation of BAC identity by sequencing with either SP6 or T7 sequencing primers. Most BACs were also validated by FISH, ensuring that BACs on the same chromosomes appeared close in interphase nuclei and on the same molecule in metaphase spreads.
RNA FISH. To detect nascent transcripts, custom Stellaris FISH probes were designed against the introns of Myogenin (MYOG; NM_002479.5) using the Stellaris FISH probe designer (Biosearch Technologies). The exact probe sequences are listed in SI Appendix, Table S4 . Cells were hybridized with the MYOG intronic Stellaris FISH probe set labeled with Quasar 570 (Biosearch Technologies) following the manufacturer's instructions for adherent cells. Slides were imaged using a Leica DMI6000 B microscope equipped with a Lumen 200 illumination system (Prior Scientific), a Plan Apo 63× 1.4 NA oil immersion objective lens, and a CoolSNAP HQ 2 CCD camera (Photometrics). Leica A4 and TX2 filter cubes were used to image DAPI and Quasar 570, respectively. Images were acquired with 0.2-μm z-steps in each channel using a motorized stage controlled by the Leica Application Suite Advanced Fluorescence software.
Image Acquisition and Analysis. Unless noted otherwise, all images were acquired on a Nikon A1R+ line scanning confocal microscope equipped with photomultiplier tubes. Imaging was done with a Plan Apo VC 60× 1.4 NA oil objective as a multidimensional z-stack with a consistent step size of 0.25 um using the Nikon Elements software. The acquired 3D image stacks were then fed through an image processing pipeline that uses a series of scripts written in-house within the MATLAB environment. In brief, this pipeline performs the functions of image segmentation, distance normalization, and measurements in 3D space while accounting for gross changes in nuclear shape (SI Appendix, Fig. S10 ). Detailed explanations of the components of the image processing pipeline are provided in SI Appendix, Materials and Methods.
Statistics. For the enrichment of LE-TADs and TGAs within the myogenic gene set, the number of observed LE-TADs or TGAs was compared with a distribution of LE-TADs or TGAs generated by finding the number of LE-TADs or TGAs in each of the 1,000 simulated gene sets. The P value was then reported as the percentage of observed events in the distribution equal to or greater than the number of LE-TADs or TGAs in the myogenic gene set. For chromosome-by-chromosome analysis, the same method was used, but LE-TADs and TGAs were first separated by chromosome before the comparison was made. For statistical comparisons, two-sample t tests with unequal variance, nonparametric Wilcoxon rank-sum tests, and bootstrap-based methods were used to determine significance. Unless specifically noted, all of these methods yielded the same levels of significance.
When determining the significance of the correlation observed between two variables multiple tests were used. The probability of observing an uncorrelated or negatively correlated R value was calculated by performing a Pearson correlation of 10,000 random subsamplings with replacement of the observed values and the reporting the percent of simulation that resulted in an R value ≤ 0. The slope and 95% CIs of the slope of the linear best-fitting line were also calculated in MATLAB using a linear regression model and estimating the 95% CIs of the coefficients. If the range of the 95% CI of the slope did not contain 0, then we concluded that the best-fitting line had a nonzero slope, suggesting a nonrandom relationship between the two variables being modeled.
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